Abstract. State measurements of flux-based superconducting quantum bits (qubits) require the sensitive discrimination of small differences of magnetic flux, with measurement times short compared to the timescales of coherent quantum mechanical behaviour. The single-fluxquantum (SFQ) superconducting comparator may be the best device for this purpose. An SFQ comparator design using a quasi-one-junction SQUID (QOS) acting as the comparator junction has two advantages over earlier designs --increased sensitivity and the possibility to eliminate shunt resistors. Here we report the first measurements of the sensitivity of an unshunted QOS comparator. The gray zone of this device at 4.2K is 6 mΦo.
INTRODUCTION
Our goal is to develop a quantum bit (qubit) measurement scheme that can be fully integrated with RSFQ (rapid single-flux-quantum) logic system. There are proposed experiments in which a superconducting comparator has been suggested for a single-shot measurement the flux state of an rf-SQUID qubit [1, 2] . SFQ comparators have been extensively explored and has shown to be an effective current sensor [3] . However, the standard comparator includes shunt resistors on each Josephson junction. This introduces an intrinsic dissipation which will couple to the qubit. The shunted junctions explored earlier would contribute to shorter coherence times due to the coupling of Nyquist and possibly quantum noise from the shunt resistors to the qubit. There are two strategies to modify the SFQ comparator for quantum measurements. The goal is to have the parallel resistance Re|Y(ω) -1 | presented by the comparator to the qubit be kept large enough in order to attain coherence times long enough for practical quantum computation. The first strategy is to couple the comparator very weakly to the qubit --this necessitates a sub-mΦo flux resolution in order to maintain single-shot sensitivity. We improve the resolution using a quasi-one junction SQUID (QOS) comparator. The second strategy is to implement an unshunted comparator --removing all resistors from the vicinity of the qubit. With these modifications Re|Y(ω) -1 | is increased by several orders of magnitude. We discussed these issues at length in [2] . Now we report the first measurements of the sensitivity of an unshunted QOS comparator. The "gray zone" or transition region for digital operation of this device at 4.2K is 6 mΦo. This is about 20 times better than predictions in the literature [3] . A true single shot measurement must be fast (on timescales of the evolution of the qubit), and sensitive (to decisively determine between measurement values with close to 100% accuracy).
Assuming thermal noise is dominant, then the sensitivity improves with temperature as ~ √T according to one model [3] . For pure Nyquist noise the resulting gray zone at dilution refrigderator temperatures of 10mK would be ~300μΦo. This would provide sufficient resolution for a weakly coupled measurement of a flux qubit and with a measurement time of picoseconds as opposed to the converntional SQUID measurement time of nanoseconds at best. The analytic theory [3] assumes a shunted comparator. There is also Fokker-Planck theory and experimental evidence of the temperature dependance of the switching probablity for a shunted comparator in [4, 5] . Currently there is no experimental evidence or theoretical prediction for the sensitivity of the unshunted comparator at lower temperatures. Neither [3] nor [4] is an adequate treatment of with this device as explained in [2] . The question of whether quantum noise would give a lower bound to the sensitivity has been discussed for the case of a shunted balanced SFQ comparator [3] and for the unshunted case [2] . Lower temperature measurements are necessary to provide insight into the dynamics below to 4.2K, to resolve this issue.
The Comparator
Our comparator is similar to the 1-bit RSFQ ADC which was demonstrated in [6] . There are two junctions, Jj 1 and Jj 2, with a bias line, Ib 1 , between them as in Fig.1 . A quasi-one junction SQUID (QOS) converts flux to current in Jj 1 . The QOS is used specifically because it increases the sensitivity of the measurement. The I c of the QOS is highly asymmetrically dependant on flux bias. The circulating current I cir generated in the SQUID loop has a tilted transfer function; the steep portion of the I cir vs. Φ ext curve can be utilized to maximize the reponse to applied field. The input of an SFQ pulse will induce a 2π shift of the sum of the phases of the junctions, ϕ= ϕ 1 +ϕ 2 . The pulses induce a rapid phase response of both junctions. This rate of change κ=dφ/dt is approximately 400GHz. The angular plasma frequency is of the same order of magnitude, ~600GHz. It has been observed in simulations that appropriate bias conditions one of the junction decides to "flip", but also under other bias conditions [2] both junctions can undergo a full 2π phase revolution. By concentrating of single junction events, the model of [3] can be adopted in this situation. The reason for this is to give a physical picture of the dynamics, not to assert complete applicability of this model and its assumptions. The effective potential [8] in which the behaviour of the comparator's junctions can be approximated, starts the system in a stable minimum. Then the potential is inverted and the system has to choose to which state it will end up in. The case where pulses pass through is governed by Jj 1 going briefly into the voltage state thereby passing flux quanta to the next JTL stage. The opposing case occurs when the junction Jj 2 switches causing the flux to escape through the junction. The small junction in parallel clears the inductive loop of remnants of stored flux thus preventing latching. The potential of this system is complicated since Jj 2 is much larger than the total critical current of the QOS. The total I cQOS can be given by the expression 
There are two point of interest in the time evolution of ϕ m ; intitially the phase particle is in a stable minimum of the 2-dimensional potential cos(ϕ m (0))=1, then at the point where cos(ϕ m (t))=-1 the optential in inversted and the phase particle is sitting at an unstable local maximum. In the limit of zero fluctuation the particle would roll down to the next stable minimum, but due to finite noise the particle has a finite probability to roll to the stable minimum in the other direction. This rather simple physical picture which comes from [3] but may be inappropriate for the assymetric QOS.
Experiment
The non-deterministic behaviour of the system around the 50% switching point yields a finite switching zone called a gray zone. SFQ pulses from the clock driver are sent into the comparator obeying the typical voltage phase relationship.
The SQF pulse either goes to the output JTL then to an SFQ/DC converter or is expelled in Jj 2 . In our experiment the fabrication was a 500 A/cm 2 process [7] and junctions Jj 1 and Jj 2 shown in Fig.1 have critical currents I c of 220 and 180μA. The measurement is probability of a 0 or one at the output. As discussed earlier this gray zone has a width due to finite fluctuations. An [3] approximation of the gray zone for κ≅ω π 
We find for I cJj2 =I cQOS at 4.2K a gray zone width of ~10μA. Here μ is the initial phase over the junctions and T is the temperature. The current measured is the current coupled from the flux bias line, I Φ , via magnetic field through the QOS 10pH inductor. The magnitude of coupled flux is determined by the mutual inductance of our flux bias line to the comparator loop given by Φ=MI Φ where M is ~1.3 pH. This gives us a gray zone of 6 mΦo as illustrated in Fig. 2 . Fig.2 shows gray zone of the QOS comparator. This is the switching probability vs applied flux. Fig.3a shows the asymmetry of the QOS SQUID. This is the switching probability vs applied flux. The scan in Fig. 2 is marked in Fig.3a by a black circle. Fig.3b shows the periodicity of the QOS SQUID. This is the switching probability vs applied flux
The asymmetry of the comparator response is shown in Fig 3a and the periodicity of the QOS is shown in Fig 3b. The actual value of the current that we couple into the QOS from the 6mΦo is on the order of 600nA. This value is an order of magnitude smaller than the value obtained from approximation (4). The reason for this is not known at the moment. Sharper gray zones seem to coincided with larger α I . The current design that tested is much more complicated due to the asymmetry of the comparator and the dynamics of the QOS. It is clear that the approximations in (4) are not sufficient to resolve this improvement.
In conclusion, the sensitivity of this single shot measurement is quantified by the characteristic gray zone. Our experiments show a gray zone of 0.6 μA or 6 mΦo. This shows a smaller gray zone than predicted for a large κ/ω p ~.8 or in other words a rapid phase drive --the theory of a one-dimensional dynamical balanced comparator returns a value of 10 μA for a value of μ=1 --a factor of 20 less sensitive than our experiment. Whether or not there is an intrinsic limit that will be reached at lower temperatures has yet to be seen. Since this measurement has exceeded the predicted sensitivity by an order of magnitude, there is good reason to hope that this will scale down with temperature to reach a sub-mΦo single shot flux resolution.
